Numerous bacteria accumulate poly(3-hydroxybutyrate) (PHB) as an intracellular reservoir of carbon and energy in response to imbalanced nutritional conditions. In Bacillus spp., where PHB biosynthesis precedes the formation of the dormant cell type called the spore (sporulation), the direct link between PHB accumulation and efficiency of sporulation was observed in multiple studies. Although the idea of PHB as an intracellular carbon and energy source fueling sporulation was proposed several decades ago, the mechanisms underlying PHB contribution to sporulation have not been defined. Here, we demonstrate that PHB deficiency impairs Bacillus anthracis sporulation through diminishing the energy status of the cells and by reducing carbon flux into the tricarboxylic acid (TCA) cycle and de novo lipid biosynthesis. Consequently, this metabolic imbalance decreased biosynthesis of the critical components required for spore integrity and resistance, such as dipicolinic acid (DPA) and the spore's inner membrane. Supplementation of the PHB deficient mutant with exogenous fatty acids overcame these sporulation defects, highlighting the importance of the TCA cycle and lipid biosynthesis during sporulation. Combined, the results of this work reveal the molecular mechanisms of PHB contribution to B. anthracis sporulation and provide valuable insight into the metabolic requirements for this developmental process in Bacillus species.
Introduction
Poly(R)-3-hydroxyalkanoic acids (PHAs) are the most widely utilized storage compounds of carbon and energy in bacteria Anderson and Dawes, 1990; Jendrossek, 2009 ). In the majority of organisms, PHAs accumulate intracellularly in the form of insoluble inclusion bodies (PHA granules) during unbalanced growth with an excess of carbon and a limitation by another nutrient source (e.g. nitrogen) (Jendrossek, 2009; Jendrossek and Pfeiffer, 2014) . Intracellular PHA degradation (mobilization) occurs during times of starvation to insure the survival of the bacteria in the absence of an exogenous carbon source (Macrae and Wilkinson, 1958; Jendrossek and Handrick, 2002; Uchino et al., 2007) . Poly(R)-3-hydroxybutyric acid (PHB) is the most abundant and well characterized polymer among bacterial polyhydroxyalkanoates (Jendrossek, 2009) . It has been shown that PHB plays an important role during symbiosis of rhizobia with legumes (Trainer and Charles, 2006; Wang et al., 2007) , enhances resistance of bacteria to stress (Ruiz et al., 2001; Zhao et al., 2007; Kadouri et al., 2003) and supports bacterial survival and reproduction during starvation (Ratcliff et al., 2008) . In sporulating bacteria previous studies have demonstrated the direct correlation between PHB accumulation and the efficiency of sporulation suggesting that PHB serves as endogenous reservoir of carbon and energy during sporogenesis (Slepecky and Law, 1961; Kominek and Halvorson, 1965; Nakata, 1966; Emeruwa and Hawirko, 1973; Wu et al., 2001) . It has been shown that accumulation of PHB in B. cereus (Kominek and Halvorson, 1965; Nakata, 1966) and Clostridium botulinum (Emeruwa and Hawirko, 1973) occurs during acetate catabolism and precedes formation of spores while rapid utilization of PHB takes place during sporulation. Moreover, the experiments on the incorporation of C 14 -labeled acetate have revealed that the major portion of the products derived from PHB (70-75%) was incorporated into various components of the mature endospore (Nakata, 1966) . Recently, Chen et al. (2010) provided further evidence linking PHB metabolism and sporulation in Bacillus species by demonstrating the absolute requirements in the master transcriptional regulator of sporulation, Spo0A, for the expression of genes involved in PHB biosynthesis in B. thuringiensis. In spite of this, the role of the PHB accumulation and mobilization during sporulation for some species is still obscure. For example, Chen et al. (2012) found that the loss of PHB production in B. thuringiensis resulted in a growth delay and sporulation-deficient phenotype, whereas another group reported that PHB metabolism does not affect growth and sporulation in this species (Wang et al., 2016) .
In this work, we analyzed the contribution of PHB accumulation to B. anthracis growth and sporulation. Our results show that although the inactivation of the PHB biosynthesis pathway does not lead to a notable difference in growth, the lack of PHB significantly impairs sporulation efficiency as PHB mobilization furnishes essential metabolic pathways during sporulation. Our results demonstrate that a PHB deficiency diminishes the energy status of the sporulating cells and reduces carbon flux into the TCA cycle and de novo lipid biosynthesis. Consequently, the lack of PHB during sporulation affects biosynthesis of spore components critical for spore integrity and resistance.
Results and discussion
PHB biosynthesis in bacteria is a three-step process that starts with the condensation of two molecules of acetyl-CoA to acetoacetyl-CoA (catalyzed by thiolase, PhaA), followed by the reduction of acetoacetyl-CoA to 3-hydroxybutyryl-CoA (catalyzed by acetoacetyl-CoA reductase, PhaB) and then polymerization to PHB (catalyzed by poly(R)-hydroxyalkanoic acid synthase, PhaC) ( Fig. 1A ) (Anderson and Dawes, 1990; Steinbuchel et al., 1992; Jendrossek and Pfeiffer, 2014) . To determine the contribution of PHB to sporulation in B. anthracis we inactivated two steps of the PHB biosynthesis pathway by replacing phaB and phaC genes (hereinafter referred to as phaBC) in B. anthracis chromosome with a kanamycin resistance gene. As anticipated, inactivation of the phaBC genes led to a complete loss of PHB accumulation in B. anthracis whereas complementation of the mutant with the wild-type alleles of the phaBC genes restored production of PHB (Fig. 1B) . Considering the influence of different nutritional conditions and the controversy in the literature concerning the impact of PHB biosynthesis pathway on the growth characteristics of Bacillus and other bacterial species (Chen et al., 2012; Wang et al., 2016; Cevallos et al., 1996; Korotkova and Lidstrom, 2001) we examined the growth of the B. anthracis phaBC mutant in sporulation (DSM) and glucose-containing (TSB) media. The results of these experiments demonstrated that inactivation of the PHB biosynthesis pathway in B. anthracis does not lead to a notable difference in growth compared to the wild-type strain in both media (Fig. 1C) . Additionally, mutations in the phaBC genes did not affect glucose consumption and acetate metabolism, nor did they lead to the accumulation of intracellular acetyl-CoA and pyruvate in the glucose-enriched medium (Supporting Information Fig.  S1A-D) , suggesting that the contribution of the PHB biosynthesis pathway to carbon flux during overflow metabolism (Sonenshein, 2007) is minimal. Next we asked whether intracellular PHB mobilization is important during B. anthracis sporulation. To address this question, we determined the efficiency of sporulation in the wild-type strain and phaBC mutant during 48 h of cultivation in liquid DSM. Temporal analysis of the sporulation efficiency revealed that the number of sporulating bacteria gradually increases after entry into the stationary phase of growth (after 8 h; Fig. 1D ), while no significant sporulation occurs during the exponential phase in both the wild-type strain and phaBC mutant (data not shown). In agreement with previous studies in other bacteria (Slepecky and Law, 1961; Emeruwa and Hawirko, 1973; Chen et al., 2012) , our data demonstrate that the lack of PHB during sporulation significantly reduces the sporulation efficiency of the mutant starting from 12 h after the inoculation into sporulation medium and reaching a maximal difference after 34 h (41.35 6 7.70% for the phaBC mutant vs. 99.87 6 2.46% for the wild-type strain) suggesting that intracellular PHB mobilization plays an important role during sporulation in B. anthracis.
How does PHB catabolism contribute to B. anthracis sporulation? Intracellular mobilization of PHB in bacteria is a multistep process. It is initialized through the hydrolysis of the polymer by PHB depolymerase to generate (R)-3-hydroxybutyric acid (Saegusa et al., 2001; Jendrossek and Handrick, 2002) . Then, the depolymerized product is metabolized to acetoacetate in the reaction catalyzed by (R)-3-hydroxybutyric acid dehydrogenase (Bergmeyer et al., 1967) with generation of reducing equivalents during the process. Finally, acetoacetate is converted to acetyl-CoA via acetoacetyl-CoA by acetoacetate-succinylCoA transferase and b-ketothiolase (Fig. 1A) (Oeding and Schlegel, 1973; Senior and Dawes, 1973; Jendrossek and Handrick, 2002) . Taking into account the results of the previous study on incorporation of the C 14 -labeled acetate in B. cereus (Nakata, 1966) and the importance of de novo lipid biosynthesis (Schujman et al., 1998; Pedrido et al., 2013) and TCA cycle activities (Yousten and Hanson, 1972; Freese and Marks, 1973; Ireton et al., 1995; Matsuno et al., 1999) during sporulation, we hypothesized that PHB catabolism will furnish both of these pathways with carbon and will provide energy for the de novo lipid biosynthesis during sporulation in B.
anthracis. There are several premises in support of this hypothesis. First, the intracellular mobilization of PHB in bacteria yields acetyl-CoA, the critical precursor for the TCA cycle, glyoxylate shunt and de novo lipid biosynthesis (Kornberg and Krebs, 1957; Cordova and Alper, 2016) . Second, the reaction catalyzed by the acetoacetate-succinyl-CoA transferase directly links PHB catabolism to the TCA cycle as it bypasses the reaction of succinyl-CoA synthase without affecting the amount of carbon in the cycle (Fig. 1A) . Third, the oxidation of reducing equivalents (i.e. NADH, harnessed during PHB catabolism) in the electron transport chain (ETC) will provide energy to generate malonylCoA in the rate-limiting step of the de novo fatty acid biosynthesis catalyzed by the ATP dependent acetyl-CoA carboxylase (Fig. 1A) . Finally, previous experiments using C 14 -labeled acetate revealed incorporation of the carbon derived from PHB into the spore components, the biosynthesis of which requires both a functional TCA cycle and de novo lipid biosynthesis.
To test this hypothesis, we examined the impact of PHB mobilization on carbon metabolism and energy status of the cells during sporulation in DSM. We first determined whether the lack of PHB affected the intracellular acetyl-CoA levels in the phaBC mutant during A. A model demonstrating that intracellular mobilization of PHB provides carbon and energy for the TCA cycle and de novo fatty acid biosynthesis during sporulation. B. Visualization of PHB granules in the wild-type strain and phaBC mutant during sporulation by confocal laser scanning microscopy using the fluorescent dye Nile red. C. Growth characteristics of the wild-type strain and phaBC mutant cultured aerobically in DSM or in TSB containing 0.25% glucose. The optical density at 600 nm (O.D. 600 ) and the pH of the culture medium were determined at the indicated times. The results are representative of at least four independent experiments. D. Sporulation efficiency of wild-type and phaBC mutant strains. Statistical significance between the wild-type strain and phaBC mutant was determined by Student's t test (*, P 0.001).
sporulation. While no differences in the intracellular acetyl-CoA concentrations were detected between the phaBC mutant and wild-type strain during exponential growth (4 h), a PHB deficiency significantly decreased the intracellular acetyl-CoA levels during sporulation (12 h) ( Fig. 2A ). These results support previous studies of PHB catabolism in various sporulating bacteria (Slepecky and Law, 1961; Nakata, 1966; Emeruwa and Hawirko, 1973) and provide evidence that the lack of PHB significantly diminishes the amount of carbon available for the TCA cycle and de novo fatty acid biosynthesis during sporulation.
As mentioned above, catabolism of PHB generates reducing equivalents in the reaction catalyzed by the (R)-3-hydroxybutyric acid dehydrogenase that can be used to generate ATP via oxidative phosphorylation. Hence, we reasoned that the absence of PHB during sporulation would decrease the energy status of the cells. To test this, we measured intracellular ATP, NAD 1 and NADH concentrations in wild-type and phaBC mutant cells. As shown in Fig. 2 , no differences in the intracellular levels of ATP, NAD 1 and NADH (panels B and C) were detected during exponential growth. However, the lack of PHB during sporulation (12 h) significantly diminished the intracellular concentrations of all these metabolites (Fig. 2B and C) . In agreement with this, as well as the results of a previous study demonstrating a higher rate of endogenous respiration in organisms producing PHB (Macrae and Wilkinson, 1958) , a determination of oxygen consumption rates revealed a significant decline in the levels of respiration for the phaBC mutant during sporulation (Fig. 2D ).
Since the above experiments revealed that PHB deficiency diminishes both the metabolic and energy status of the cells, we asked whether the carbon and energy generated by the mobilization of PHB is furnishing the TCA cycle and de novo fatty acid biosynthesis during sporulation. To determine if the lack of PHB alters the transcription of genes involved in the control of the TCA cycle and de novo lipid biosynthesis we performed a quantitative real-time reverse transcriptase PCR (RT-PCR) analysis using primers specific to the citZ, citC and sucA genes encoding the TCA cycle enzymes, citrate synthase, isocitrate dehydrogenase and 2-oxoglutarate dehydrogenase (E1) and to the fabH and fabI genes encoding key enzymes in fatty acid synthesis, b-ketoacyl-acyl carrier protein (ACP) synthase III and enoyl-ACP reductase respectively. Using this approach, we found that inactivation of the phaBC genes led to more than a 2.5-fold decrease in the levels of citZ, sucA and fabH transcripts, more than a 3-fold decrease in the levels of fabI transcripts and more than a 5-fold decrease in the levels of citC transcripts (Fig.  3A) , suggesting decreased carbon flow into both the TCA cycle and de novo lipid biosynthesis during sporulation. In agreement with the RT-PCR data, measurements of the citrate and oxaloacetate concentrations in the wild-type strain and phaBC mutant during sporulation revealed lower intracellular levels of these TCA cycle intermediates in the absence of PHB (Fig. 3B and  C) . It has been shown that transcription of most fatty acid biosynthesis genes, including fabH and fabI, in Gram-positive bacteria is negatively regulated by the malonyl-CoA responsive transcriptional repressor, FapR, where malonyl-CoA acts as a concentration-dependent DNA binding inhibitor of FapR (Schujman et al., 2006; Fujita et al., 2007; Ellis and Wolfgang, 2012) . Consequently, lower levels of the fabH and fabI transcripts in the absence of PHB during sporulation not only suggest decreased expression of their corresponding genes, but also provide evidence for lower intracellular malonylCoA levels in the phaBC mutant. Taken together, these results demonstrate that the intracellular mobilization of PHB furnishes the TCA cycle and fatty acid biosynthesis with carbon and energy, which are required for efficient sporulation.
A previous study using C 14 -labeled acetate revealed incorporation of carbon derived from PHB into various spore molecules (e.g. peptidoglycan, lipid fraction and DPA) where as much as 17.00% of the radioactivity associated with the spores was found in DPA, the major component of the spore core (Nakata, 1966) . Given that biosynthesis of DPA (a branch of the lysine biosynthetic pathway) is directly linked to the TCA cycle activity through oxaloacetate (Toya et al., 2015) , we reasoned that reduced carbon flux into the TCA cycle in the absence of PHB during sporulation will diminish the DPA content of the spore core. To test this, we determined the DPA concentrations in wild-type and phaBC mutant spores. As anticipated, the absence of PHB during sporulation significantly decreased the DPA concentrations in mutant spores (Fig. 4A) . Moreover, in agreement with previous studies demonstrating involvement of DPA in resistance of spores to stress (Paidhungat et al., 2000; Setlow et al., 2006) , PHB deficiency during sporulation significantly diminished mutant spore resistance to wet heat and hydrogen peroxide (Fig. 4 , panels B and C). Given that both the TCA cycle and de novo lipid biosynthesis are required for spore formation, we postulated that supplementation of the medium with fatty acids will not only compensate for the decreased de novo lipid synthesis in the mutant, but it will also fuel the anabolic reactions linked to the TCA cycle with carbon and energy through the b-oxidation pathway. To test this, we measured the efficiency of sporulation by the phaBC mutant when supplemented with oleic and palmitic acid during growth. As shown in the Fig. 4D , the addition of either palmitic or oleic acid to the medium restored phaBC mutant sporulation efficiency to wildtype levels. Furthermore, supplementing the mutant culture during sporulation with exogenous fatty acids restored intracellular citrate and oxaloacetate levels ( Fig.  3B and C) as well as DPA content (Fig. 4A ) and resistance properties (Fig. 4B and C) of the spore.
Overall, the results of this study revealed that PHB mobilization is required for the efficient sporulation of B. anthracis. By uncovering the molecular mechanisms of how PHB mobilization furnishes the TCA cycle and de novo lipid biosynthesis, we have verified that PHB serves as an endogenous reservoir of carbon and energy during sporulation. Moreover, our results revealed that lack of PHB during sporulation reduces biosynthesis of spore components critical for the spore integrity and resistance (Cortezzo et al., 2004; Cortezzo and Setlow, 2005; Setlow et al., 2006) . Considering that PHB production varies greatly among Bacillus spp. (Singh et al., 2009) , the specific requirements for PHB during sporulation in any given species might reflect adaptations to different life styles, including distinct metabolism-based mechanisms of pathogenesis and resistance, as well as specialized morphological features of the spore.
Experimental procedures

Bacterial strains, plasmids and growth conditions
Strains and plasmids used in this study are listed in Supporting Information Table S1 . Escherichia coli strains were grown in LB medium (EMD Millipore). B. anthracis strains Fig. 4 were grown in tryptic soy broth (TSB) medium (BD Biosciences) supplemented with 0.25% glucose (SigmaAldrich) or Difco sporulation medium (DSM) (Schaeffer et al., 1965; Nicholson and Setlow, 1990) . B. anthracis cultures were inoculated to 0.05 optical density at 600 nm (OD 600 ) units from overnight cultures (grown in TSB without dextrose (BD Biosciences)), incubated at 378C, and aerated at 250 rpm with a flask-to-medium ratio of 10:1. Bacterial growth was assessed by measuring the optical density at 600 nm or by determining the number of colony forming units (cfu) per ml. Antibiotics were purchased from Fisher Scientific and were used at the following concentrations: ampicillin, 100 lg/ml; chloramphenicol, 10 lg/ml; and kanamycin, 50 lg/ml.
Construction and complementation of the PHB deficient mutant in B. Anthracis
Primers (see Supporting Information Table S2 ) used for construction, confirmation and complementation of the phaBC double mutant were generated based on the sequence of B. anthracis strain Sterne (NC_005945). The phaBC double mutant was constructed by replacing a 1.7-kb region, which includes the phaB and phaC genes (BAS1230 and 1231), with a kanamycin resistance gene (kan), using the gene splicing by overlap extension (SOE) technique (Horton et al., 1990) . The kan antibiotic resistance cassette was amplified from pDG780 (Guerout-Fleury et al., 1995) , using phaB-kan-f and phaC-kan-r primers, which contain sequences homologous to the phaB and phaC genes correspondingly. The primers BamHI-BAS1228-r and kan-phaB-r were used for amplification of a 1.3-kb region upstream of the phaB gene, while a 1.3-kb region downstream of the phaC gene was amplified using kan-phaC-f and SalI-BAS1232-r primers. All three PCR fragments were mixed in equimolar ratios (1:1:1) and amplified using BamHI-BAS1228-r and SalI-BAS1232-r primers. The resulting 4.1-kb PCR product consisted of the 1.5-kb kan cassette flanked by sequences upstream and downstream of the phaB and phaC genes correspondingly. Following digestion with the restriction endonucleases BamHI and SalI, the 4.1-kb product was cloned into pJA175 to generate pMRS128 plasmid. The shuttle vector pJA175 is a derivative of pBKJ236 (Janes and Stibitz, 2006) containing modified multiple cloning site (MCS), ampicillin resistant gene (bla) and pUC origin of replication from pCMV/Bsd (Invitrogen) (see Supporting Information Figure S2 for details). The plasmid pMRS128 was propagated in E. coli strain GM2929 (Palmer and Marinus, 1994) , transformed into B. anthracis strain V770-NP1-R (Wright et al., 1962) by electroporation and used to construct the V770-phaBC mutant through standard allelic-exchange methodology at 378C as described (Ahn et al., 2006) . The replacement of the phaBC genes in the double mutant with kan cassette was confirmed by PCR using primers BAS1228-r and BAS1232-r.
For complementation of the phaBC double mutation, a 1.9-kb PCR product containing wild-type phaBC genes was amplified using primers B-SalI-phaB-f and B-SacI-phaC-r. Following digestion with the restriction endonucleases SalI and SacI, the PCR product was cloned into the plasmid pCN51 under control of the cadmium-inducible promoter (Charpentier et al., 2004) . The resulting recombinant plasmid was designated pMRS182. The plasmid pMRS182 was propagated in E. coli strain GM2929 (Palmer and Marinus, 1994) and introduced into V770-phaBC mutant by electroporation.
Sporulation efficiency and spore preparation
Sporulation of B. anthracis was induced by the nutrient exhaustion method (Nicholson and Setlow, 1990) . Single colonies grown 12-15 h at 378C on TSB plates were suspended in 200 ll of DSM broth, spread onto DSM plates and incubated at 308C for 9-10 h. Lawns suspended in 3 ml of DSM broth were used to inoculate 25 ml of DSM broth to the final OD 600 of 0.1. Bacterial cultures were incubated at 378C with aeration at 250 rpm with a flask-to-medium ratio of 10:1. Aliquots of sporulating cells were removed at various time points to determine sporulation efficiency. Sporulating cultures were serially diluted and plated on TSB agar before and after applying a heat treatment (678C for 30 min) to eliminate vegetative cells. Plates were incubated for 12-16 h at 308C, and cell titers per ml were determined. Sporulation efficiency was calculated from the total cell titer as the percentage of the vegetative cells that undergo a complete sporulation process yielding heat-resistant spores. In metabolic assays the number of vegetative cells in sporulating cultures was calculated by subtracting the experimentally determined number of spores from the total cell number. The results were recorded in duplicate for at least four independent experiments.
B. anthracis spores were prepared as described (Tavares et al., 2013) . Briefly, cells from sporulating cultures (50 ml) after 24 h of growth in DSM were harvested by centrifugation at 48C for 10 min at 3,630 3 g. The bacterial pellets were washed once with 0.5 volume of distilled water and suspended in 10 ml of 10 mM Tris-HCl (pH 7.2) containing 50 lg/ml of lysozyme (Sigma-Aldrich). Samples were incubated for 1 h at 378C, washed once with 1 volume of distilled water and suspended in 0.1% SDS solution. Samples were washed three times with distilled water and suspended in 1 ml of distilled water. Purity of the spore preparations was evaluated by phase contrast microscopy and by determination of the spore titers before and after the heat treatment (678C for 30 min).
Determination of spore resistance properties
Spore sensitivity to wet heat and hydrogen peroxide was determined as described (Melly et al., 2002; Cortezzo et al., 2004) . Purified spores were diluted to an OD 600 of 10. Then, 100 ll aliquots of spores were incubated for 15 min in distilled water at 808C or for 15 min in 3% hydrogen peroxide (H 2 O 2 ) in 50 mM KPO 4 buffer (pH 7.5) at 248C. Equal aliquots of treated and untreated spores were serially diluted, plated on TSB agar and incubated for 12-16 h at 308C. The percentage of spore survival was calculated by determination of the spore titers before and after the treatment. The experiments were performed at least twice in duplicates for at least five independent spore preparations.
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Fluorimetric quantification of endospore DPA content Determination of DPA in purified spores was performed as previously described (Brandes Ammann et al., 2011) with minor modifications. Briefly, purified spores were diluted to an OD 600 of 10 in 1 ml of 0.2 M sodium acetate buffer (pH 5.0). DPA was released from spores by autoclaving the samples in screw cap glass test tubes for 20 min at 1218C followed by mechanical agitation in the FastPrep instrument (Qbiogene) for 60 s at setting 6.0 using lysing matrix B tubes (MP Biomedicals). The spore lysates were centrifuged for 3 min at 18,407 3 g and supernatants were collected. Then, 100 ll of the supernatants were mixed with 100 ll of 30 lM terbium chloride solution (Sigma-Aldrich) in white 96-well microtiter plates. Fluorescence was measured using a Tecan infinite 200 pro spectrophotometer with excitation wavelength of 272 nm and emission wavelength of 545 nm. The DPA concentrations were normalized to the corresponding spore counts before the treatment. The experiments were performed in duplicates for at least five independent spore preparations.
Measurement of extracellular glucose and acetic acid
Aliquots of bacterial cultures (1 ml) were centrifuged for 3 min at 18,407 3 g at 48C. The supernatants were removed and stored at 2208C until use. Acetate and glucose concentrations were determined using kits purchased from RBiopharm according to the manufacturer's protocol and as previously described (Sadykov et al., 2013) .
Determination of intracellular pyruvate, citrate, oxaloacetate, ATP, NAD 1 , NADH, and acetyl-CoA concentrations Intracellular pyruvate concentrations were determined using the Pyruvate Assay Kit (MBL). Aliquots of bacterial cultures (10 ml) were harvested by centrifugation at 48C for 10 min at 3,630 3 g. The bacterial pellets were washed twice with 1 ml of phosphate-buffered saline (PBS; pH 7.4) and then resuspended in 0.35 ml of pyruvate assay buffer, incubated for 20 min at 808C, and lysed using lysing matrix B tubes (MP Biomedicals) in the FastPrep instrument (Qbiogene). The lysates were centrifuged at 48C for 5 min at 18,407 3 g. Pyruvate concentrations were determined according to the manufacturer's protocol and normalized to the corresponding total cellular protein concentration at the time of harvest. Protein concentrations were determined by the method of Lowry (Lowry et al., 1951) .
Intracellular citrate concentrations were determined using a Citrate fluorometric assay kit (BioVision). Aliquots of bacterial cultures (24 ml) were harvested by centrifugation at 48C for 10 min at 3,630 3 g. The bacterial pellets were washed twice with 1 ml and resuspended in 0.5 ml of PBS, followed by the addition of 0.1 ml of ice-cold 3 M perchloric acid. The cells were lysed using lysing matrix B tubes (MP Biomedicals) in the FastPrep instrument (Qbiogene). The lysates were centrifuged for 3 min at 18,407 3 g. Subsequently, 300 ll of supernatants were neutralized with 75 ll of saturated solution of potassium bicarbonate and centrifuged at 48C for 3 min at 18,407 3 g. Citrate concentrations were determined according to the manufacturer's protocol and normalized to the corresponding vegetative viable-cell counts determined at the time of harvest.
Intracellular oxaloacetate concentrations were determined using an Oxaloacetate fluorometric assay kit (BioVision). Aliquots of bacterial cultures (24 ml) were harvested by centrifugation at 48C for 10 min at 3,630 3 g. The bacterial pellets were washed twice with 1 ml and resuspended in 0.5 ml of PBS, followed by the addition of 0.1 ml of ice-cold 3 M perchloric acid. The cells were lysed using lysing matrix B tubes (MP Biomedicals) in the FastPrep instrument (Qbiogene). The lysates were centrifuged for 3 min at 18,407 3 g. Subsequently, 300 ll of supernatants were neutralized with 75 ll of saturated solution of potassium bicarbonate and centrifuged at 48C for 3 min at 18,407 3 g. Oxaloacetate concentrations were determined according to the manufacturer's protocol and normalized to the corresponding vegetative viable-cell counts determined at the time of harvest.
Intracellular ATP concentrations were determined using the BacTiter-Glo kit (Promega) according to the manufacturer's protocol and normalized to the corresponding vegetative viable-cell counts at the time of harvest.
Intracellular NAD 1 and NADH concentrations were determined using the Fluoro NAD/NADH kit (Cell Technology) . Aliquots of bacterial cultures (24 ml) were harvested by centrifugation at 48C for 10 min at 3,630 3 g. The bacterial pellets were washed twice with 1 ml of PBS and then resuspended in 0.2 ml of the NAD/NADH extraction buffer and 0.2 ml of the lysis buffer. The cells were lysed using lysing matrix B tubes (MP Biomedicals) in a FastPrep instrument (Qbiogene), and then the lysates were incubated at 608C for 15 min. The lysates were centrifuged at 48C for 3 min at 18,407 3 g. NAD 1 and NADH concentrations in the lysates were determined according to the manufacturer's protocol and normalized to the corresponding vegetative viable-cell counts determined at the time of harvest.
Intracellular acetyl-CoA concentrations were determined using the PicoProbe Acetyl-CoA Assay Kit (BioVision). Aliquots of bacterial cultures (24 ml) were harvested by centrifugation at 48C for 10 min at 3,630 3 g. The bacterial pellets were washed twice with 1 ml of PBS and resuspended in 0.5 ml of PBS, followed by the addition of 0.1 ml of ice-cold 3 M perchloric acid. The cells were lysed using lysing matrix B tubes (MP Biomedicals) in a FastPrep instrument (Qbiogene). The lysates were centrifuged at 48C for 3 min at 18,407 3 g. Subsequently, 300 ll of supernatants were neutralized with 75 ll of saturated solution of potassium bicarbonate and centrifuged at 48C for 3 min at 18,407 3 g. Acetyl-CoA concentrations were determined according to the manufacturer's protocol and normalized to the corresponding vegetative viable-cell counts or total cellular protein concentration at the time of harvest. Protein concentrations were determined by the method of Lowry (Lowry et al., 1951) .
All assays were performed in duplicate for at least four independent experiments. Concentrations of the tested metabolites in the five folds excess of the purified and similarly treated spores were not significantly different from the background levels for all experiments.
Measurement of oxygen consumption
Cells were cultured at 378C in DSM and aerated at 250 rpm with a flask-to-medium ratio of 10:1. After 4 and 12 h of growth, samples were collected and diluted in airsaturated DSM to an OD 600 of 0.2 and 1.0 correspondingly. Relative oxygen consumption rates were determined for up to 90 min at 378C by using a MitoXpress oxygen-sensitive probe (Luxcel Biosciences) according to the manufacturer's instructions. The data were normalized to the corresponding vegetative viable-cell counts at the time of harvest. The results were recorded in duplicate for four independent experiments. Oxygen consumption was not detected for the five folds excess of the purified spores under these conditions.
Confocal microscopy
PHB granules in B. anthracis were visualized by using the fluorescent dye Nile red (Sigma-Aldrich) as described . Bacterial samples collected after 10 h of growth in DSM were stained with Nile red by adding 0.5 volumes of Nile red solution (1 lg/ml in ethanol). Bacteria were immobilized by addition of 1 volume of 1% agarose (558C) then 15ll of cell suspension were placed on a microscope slide and covered with a coverslip. Bacteria were imaged with an inverted Zeiss 510 Meta confocal laser scanning microscope fitted with a Plan-Apochromat 63x/1.40 numerical aperture oil differential interference contrast (DIC) M27 objective set to a 1.7 digital zoom. In addition to the acquisition of DIC images, a 561-nm DPSS (Diode-pumped solid-state) laser was used to excite Nile red and the emissions were collected with a 575-615 nm band pass filter.
mRNA quantification
RNA isolation from sporulating B. anthracis cultures after 12 h of growth in DSM was carried out as previously described (Sadykov et al., 2013) . Quantitative real-time PCR was performed using 16S-rrn-, citZ-, citC-, sucA-, fabH-and fabI-specific primers listed in Supporting Information Table S2 . Briefly, cDNA was synthesized from 500 ng of total RNA using the Quantitect Reverse Transcription Kit (Qiagen). The samples were then diluted 1:50, and the cDNA products were amplified using the LightCycler DNA Master SYBR green I kit (Roche Applied Science) following the manufacturer's protocol. The relative transcript levels were calculated using the comparative threshold cycle (C T ) method (Schmittgen and Livak, 2008) with normalization to the amount of 16S rrn transcripts (Kirk et al., 2014) . The results were recorded in duplicate and are representative of four independent experiments.
